INTRODUCTION
Metallic nanoparticles (NPs) like silver and gold have been employed in a wide range of products and application including different biomedical field owing to their remarkable physico-chemical properties.
Silver nanoparticles (AgNPs) are thus extensively used in antimicrobial coatings for medical devices, wound dressing, cosmetic products and food packaging due to their antimicrobial, antiangiogenic and anti-inflammatory activities. [1] [2] [3] [4] [5] Biomedical application of gold nanoparticles (AuNPs) ranges from molecular imaging, targeted drug delivery, gene therapy, cancer treatment or radiosensitization and theranostics. [1, 4, 6] Moreover, AgNPs and AuNPs are among the most investigated engineered nanomaterials for medical uses. A search performed in the Web of Science (WoS) database on November 11 th 2018 using the search terms "nano*" and "medic*" yielded a total of 63032 papers. Out of those, silver was reported in 6004 papers (9.5%) and gold 8757 (13.9%) revealing that these two NPs types alone are represented by almost one quarter of all published studies on biomedical aspects of NPs ( Figure S1 in Supporting Information (SI)). In hand with the rise of papers reporting development of NPs for biomedical uses, WoS search showed that there are ample studies on toxicity effects of AgNPs and AuNPs in vitro and in vivo. There are a number of studies representing that AgNPs negatively impact cell membranes, interfere with signaling pathways, disrupt the cell cycle, cause mitochondrial dysfunction, oxidative stress, DNA damage and apoptosis. [7] [8] [9] Many reports on AgNPs toxicity attribute it fully or partially to dissolved or released ionic silver. [10] [11] [12] [13] [14] [15] [16] Dissolution of AgNPs in both biological and different environmental media has been proven, although the rate and amount varies depending on the AgNPs characteristics determined by the size, stabilization and the presence of other molecules. [17] Still, some studies have discussed that AgNPs toxicity cannot be 5 explained solely by the release of Ag + ions in the system. [18, 19] Studies on AuNPs toxicity provide conflicting results, with some authors claiming no toxicity was found, [20] [21] [22] [23] [24] [25] while others reported adverse effects caused by AuNPs. [26] [27] [28] [29] [30] [31] [32] Most likely mechanism of their toxicity is generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that trigger necrosis or apoptosis. [33] So far, general consensus regarding NPs toxicity is that their toxic effects cannot be conclusively defined, as mechanism of their action depends on their physico-chemical properties (shape, size, charge, coating agents), but also on targeted cells, tissues and/or organisms as well as on the type of testing itself. [34] [35] [36] [37] [38] Therefore, each individual NP type must be tested on various cell cultures using standardized and reliable assay protocols to adequately assess and explain effects. [39] Anyhow, exposure to NPs may lead to their uptake, translocation, and most likely biotransformation within the body.
It has been demonstrated that AgNPs and AuNPs can be absorbed into systemic circulation via different routes. [40] [41] [42] [43] Absorbed or intravenously applied NPs will accumulate in different body compartments. [44] [45] [46] It has also been demonstrated that AgNPs are prone to oxidative dissolution in biological media and the released Ag + reacts with thiolate groups of sulfur-containing biomolecules, [47] which may lead to the formation of thiol-coated AgNPs. [48] In addition, new clusters consisting of Ag2S can be created from free Ag + . [47] This process, known as sulphidation, affects AgNPs behavior in the biological system, [49] most notably reducing their toxicity. [47, 50] The binding of thiols to AuNP surface has also been well investigated. [51] [52] [53] [54] As the most abundant intracellular biothiols are cysteine (CYS) and glutathione (GSH), their role in intracellular sulphidation and/or adsorption on the surface of NPs should be considered during evaluation of efficacy, safety and behavior of AgNPs and AuNPs in vivo. [47, 55] Due to many existing knowledge gaps in this field, there is a need for additional data on nano-bio interface formed after metal-based NPs reach biological environment. The WoS search 6 resulted in less than 5% of papers providing results on the nano-bio interface between biothiols and AgNPs or AuNPs (Figure S1 in SI).
To gain further insight into the effect of biothiols on biocompatibility or toxicity of bioactive metallic NPs, this study comprehensively investigated mechanism of formation of AgNPs and AuNPs in the presence of CYS and GSH and their subsequent biological effects. Murine fibroblasts were used as cell model to study mammalian toxicity, while Daphnia magna was the representative aquatic organism to evaluate ecotoxicity. Contrasting the safety levels of biothiol-coated NPs with metal ions, this study aimed to gain insight into the possible reduction or enhancement of toxicity of AgNPs and AuNPs after interaction with CYS and GSH following biotransformation. Obtained results provide additional insights to elucidate possible scenarios of AgNPs and AuNPs biological fate.
RESULTS AND DISCUSSION

Synthesis and characterization of nanoparticles
For the AgNPs and AuNPs synthesis, common bottom-up approach was applied using sodium borohydride as agent to reduce Ag + and Au 3+ , respectively. Optimization of synthetic protocol was achieved by a series of experiments in which the reaction conditions (i.e. temperature, mixing time and rate, concentration of reactants) were carefully tested in order to obtain small, spherical and stable NPs. Tables S1 and S2 of SI. The particles were deemed unstable if they fully precipitated after synthesis and could not be redispersed, otherwise they were noted as stable. NMR is an excellent tool to determine the interactions of small organic molecules with metallic NPs because the small changes in the chemical environment result in chemical shifts in NMR spectra.
Several studies have been published that confirm the validity of this technique in establishing thiol-NP interactions. [51, [56] [57] [58] In a typical experiment, the mixture of metallic salt (HAuCl4 or AgNO3), NaBH4, and CYS (as described above) was stirred under argon in the ultrapure water at room temperature for 90 minutes. [59] [60] [61] Exactly the same 1 H NMR profile was recorded for the reaction mixture which consisted of cysteine and NaBH4, i.e. no metallic salt was added (see Figure S4 in SI). This means that, during the regular procedure for the cysteine-coated NPs synthesis (as described elsewhere), the cystine may be formed prior to its binding to the NP surface. It was shown earlier that cysteine in the reaction with metallic salt (HAuCl4) underwent dimerization to form cystine. [62] However, no NMR evidence for that was 8 provided. In our case, the dimerization occurred in the reaction mixture consisting of NaBH4 and cysteine. It is possible that some NaBH4 hydrolysis products [63] [64] [65] induce this dimerization, but the detailed mechanism underlying the reaction is out of the scope of this paper.
Figure 1.
1 H NMR spectra of the reaction mixture aliquots (5.6 mM cysteine, 56 mM NaBH4, and 5.6 mM AgNO3, in ultrapure water/D2O added) taken at several time points. The arrows show how proton signals (for cysteine and cystine) change with time.
The very similar was observed in the case of GSH which undergoes dimerization to GSSG in the presence of Au 3+ (or Ag + ) salt and NaBH4 (a standard protocol for the NPs synthesis) (Figure 2) , or in the presence of NaBH4 alone (see Figure S5 in SI). In conclusion, this indicates that both biothiols
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(GSH and CYS) bind to the NP surfaces in their oxidized form, which expands some earlier proposals. [51, 66] Figure 3. 1 H NMR spectra of the reaction mixture aliquots (5.6 mM glutathione, 56 mM NaBH4, and 5.6 mM HAuCl4, in ultrapure water/D2O added) taken at several time points. The arrows show how proton signals (for GSH and GSSG) change with time.
Detailed characterization of prepared NPs dispersed in the UPW revealed negative surface charge.
Observed ζ potential values ( Table 1) were indicative for high NPs stability, as the NPs are generally considered electrostatically stabilized when the absolute values of ζ potential exceed 30 mV. [67] Size 10 distribution of all NPs was bimodal, while AgNPs were generally smaller than AuNPs (Table 1) . TEM experiments showed spherical shape for all NPs (Figure 3) . Evidently, the most lethal tested substance was Ag + followed by GSH-coated AgNPs. If we compare this results with data published on polymer-coated NPs on the same cell type, toxicity of GSH-AgNPs is similar to effect of polyvinylpyrrolidone (PVP) stabilized AgNPs reported earlier, [68] while another study found > 90% live L929) cells after 24 h treatment with commercial PVP-coated AgNPs. [69] Our results on AuNPs effects corroborate well with similar study on L929 cells treated with PVP-coated AuNPs. [70] Further biocompatibility testings were performed using concentration range of NPs or ions that did not cause decrease of cell viability by more than 80%. Uptake of AuNPs and AgNPs, as determined by flow cytometry, showed dose-dependent cell penetration of all NPs (Figure S6 in SI) . The highest efficiency of cell uptake was observed for CYS-coated AuNPs. For both CYS-and GSH-coated AgNPs, the uptake is significant only at the highest examined concentration (25 mg Ag L -1 ). The behavior of GSH AuNPs deviates considerably from the others and did not show any significant change in the SSC ratio even at the highest dose applied indicating no cell accumulation. Given the likenesses in shape, size and charge of all NPs, analogous uptake profiles were expected and these results represent an anomaly.
Biocompatibility assessment
Effect of CYS-and GSH-coated AgNPs or AuNPs on mammalian cells in vitro
14 To gain closer insight into the mechanisms of toxic actions of silver and gold NPs and ions, percentage of live, early apoptotic and late apoptotic/dead cells were determined by staining with CAM and EthD dyes and flow cytometry analysis. Doses that caused low or no death of fibroblasts, showed apoptotic processes in a dose-response manner for all tested species (Figure 4b ). In accordance with the MTT data (Figure 4a) , ionic species at the highest concentration applied, i.e. 1 mg Ag L -1 and 25 mg Au L -1 , triggered apoptosis in 86% and 95% of cells, respectively. Silver and gold NPs were biocompatible inducing at tested doses less than 20% of apoptotic events (Figure 4b ). Only treatment with GSHAuNPs led to significant number of late apoptotic cells. Interestingly, CYS-and GSH-coated AgNPs were shown to be safer than expected. In both cases, more than 88% of fibroblasts survived the treatment with the highest dose applied (10 mg Ag L -1 ).
As exposure to NPs is known to induce oxidative stress in cells, [71, 72] ROS production and intracellular GSH level were measured after 24 h incubation with tested species. Results corroborated well with those on the number of apoptotic cells. In all cases where doses of tested induced apoptosis in fibroblasts, ROS levels were also significantly changed (Figure 4c) . Interestingly, AgNPs and ionic form of metals increased, while AuNPs decreased significantly the amount of ROS possibly due to the activation of protective mechanisms against oxidative stress. [73] Previous study on human pulmonary fibroblasts also found that AuNPs cause higher oxidative stress than AgNPs. [74] Level of GSH changed significantly compared to controls only in cases where number of apoptotic cells where higher than 40%, i.e. cells treated with Au 3+ or Ag + . Once more, NPs were proven less toxic than their ionic counterparts, requiring 10 -50 times higher doses to achieve the same toxic effect.
As oxidative stress may induce damages to DNA molecules, [75] which will consequently lead to apoptosis if severe enough, the DNA damage signaling pathway was evaluated by detecting the ATM and H2A.X activated cells, as well as their dual activation which indicates DNA double-strand breaks.
DNA double-strand breaks may lead to chromosome aberrations, genomic instability, or cell death. [76] 15
Evaluation of ATM and H2A.X activation is more accurate and quantitative measurement of DNA In general, ionic forms were the most toxic, following AgNPs, while AuNPs can be considered safe to cells. With regard to the effects of the coating, the results are inconclusive. The GSH-AgNPs decreased cell viability at lower concentration than CYS-AgNPs, but there were no significant differences between these two treatment for induction of apoptosis, DNA damage or oxidative stress response. In the case of AuNPs, CYS-AuNPs were slightly more toxic than GSH-AgNPs with regard to cell viability, the number of cells in late apoptosis, and DNA damages. This can be explained with more efficient internalization of these type of AuNPs (Figure S6 in SI) . The GSH-AuNPs showed not just as less toxic than CYS-AuNPs, but even demonstrated lower activation of ATM and H2.X than in control cells.
When comparing toxicity of CYS-or GSH-coated AuNPs and AgNPs with NPs of the same core shell (Au or Ag) but with other type of stabilization agents, it may be concluded that CYS-AuNPs and GSH-
AuNPs demonstrated low or even no toxicity as other types of AuNPs, [70] toxicity of CYS-AgNPs was similar to other types of AgNPs, [68] while GSH-AgNPs demonstrated as the most toxic type of AgNPs.
This comparison took into account only results published on L929 cell line.
Acute toxicity test on D. magna
Ecotoxicological impact of CYS-and GSH-coated AuNPs and AgNPs was tested using aquatic crustacean D. magna Straus as model organism due to its ecological significance and widespread use in regulatory testing. [77] Acute toxicity tests were performed after 24 h and 48 h of exposure to NPs, while treatment with Ag + and Au 3+ was included for comparative purposes ( Table 2) . However, concentrations that caused harmful effects were much lower in aquatic toxicity tests.
Microscopic evaluation of treated and survived D. magna was performed additionally to assess if any accumulated NPs can be found in digestive tract of these animals. Deposits of NPs, but also of ingested ionic Ag, were visible as black dots (Figure 6 ). No traces of Au 3+ were found. These micrographs evidenced that D. magna was exposed to NPs through digestion. Such results manifest harmful environmental effects of metallic NPs as already evidenced in earlier studies. [78] [79] [80] 
Interestingly, comparison of these results with previously published toxicity data indicated that CYSor GSH-coated AgNPs and AuNPs were much less toxic to D. magna than polymer-or citrate-coated
AgNPs and AuNPs (see Table S2 in Supporting Material). This trend is completely opposite to effects observed for mammalian cells in vitro.
CONCLUSION
As the interest in metallic nanoparticles for biomedical uses grows, the need emerges for the 
MATERIALS AND METHODS
Chemicals and reagents
All chemicals used were purchased from Sigma Aldrich (Darmstadt, Germany) unless stated otherwise.
Silver nitrate (AgNO3) was purchased from Alfa Aesar (Karlsruhe, Germany). All compounds were reagent-grade or higher.
Synthesis and characterization of AgNPs and AuNPs in the presence of CYS and GSH
AgNPs and AuNPs were synthesized by the reduction of silver and gold salts, respectively, using sodium borohydride in the presence of CYS or GSH as stabilizing agents. Several synthetic approaches were tested, where different experimental parameters (concentration and ratio of reactants, ordering of reactants addition, mixing time and speed, etc.) as presented in Tables S1-S2 given 
NMR experiments
Progress of the reaction in the mixture of biothiols, metallic salts, and/or NaBH4, was followed by 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopy using the Varian INOVA 400 spectrometer operating at 399.6 and 99.9 MHz, respectively. Samples were prepared in UPW with the addition of D2O to a final volume ratio of 10%, or, in some cases, a capillary filled with D2O was used as an external lock. 1 H NMR spectra were recorded in 10-20 min intervals during NPs synthesis, starting immediately after the mixing of reagents (t0). Chemical shifts were expressed in parts per million (ppm) and are referenced to the residual water signal. All spectra were recorded at 25 •C. For all experiments, a recycle delay of 5 s was used, which was sufficiently greater that the relaxation time T1.
To suppress the solvent signal the WET and PRESAT pulse sequences were used, as available in VnmrJ (4.2A) software.
Cell experiments
Murine fibroblast (L929) cells were cultured in EMEM with addition of FBS (10%) and and ethidium homodimer-1 (EthD)(3 μM), both supplied in the kit, for 15 min in the dark at room temperature. Each experiment was repeated at least 3 times. CAM and EthD were measured using log amplifiers. The percentage of NPs-labelled cells was determined using Attune acoustic focusing cytometer by measuring the increase of the side scattered light of the laser beam (SSC). The intensity 25 of the SSC is proportional to the intracellular density and granularity. [81] As NPs uptake increases the intracellular density, the SSC intensity is also enhanced. Results were analyzed by FCS Express 5 Flow Cytometry Software using Overton cumulative histogram subtraction method. staining. This fluorogenic bimane probe forms a fluorescent adduct with GSH. [83] The treatment of cells was performed following the same protocol as for the DCFH-DA assay, and the same controls were 
Statistical analysis
Statistical analysis was carried out using Dell™ Statistica™ 13.2 software (StatSoft, Tulsa, USA). Data represent mean values and standard deviations (SD). Differences between treatments for the different measured variables were tested using simple and repeated measures ANOVA, followed by Fisher LSD post-hoc test when significant differences were found (P < 0.05). The homogeneity of variances was tested using the Levene test. The level of significance (P < 0.05) is indicated by the asterisks (*) for differences between treatments and controls.
Supporting Information
Supporting Information are available online.
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